We have investigated the magnetic and magnetoelectric properties of CaMnGe 2 O 6 by means of powder neutron diffraction, magnetic susceptibility, heat capacity, and electrical polarization measurements. The presence of one-dimensional short-range magnetic correlations within the MnO 6 octahedra chains well above long-range antiferromagnetic ordering (15 K) was evidenced. A one-dimensional antiferromagnetic correlation model along the zigzag chains was developed to fit the diffuse magnetic scattering. The linear magnetoelectric effect and pertinent ferrotoroidicity, allowed by the magnetic symmetry (C2 /c), have been verified experimentally and theoretically.
I. INTRODUCTION
Magnetoelectric materials have been the subject of a considerable amount of research activity for their fundamental scientific interest [1] and potential applications in technology, such as magnetoelectric random access memory (MERAM) [2] . The cross coupling of magnetization and polarization to their conjugate fields, E and H , is known as the magnetoelectric (ME) effect [3] . The linear ME effect was first experimentally verified on antiferromagnetic Cr 2 O 3 [4] after the theoretical prediction by Landau and Lifshitz [5] . They found that specific symmetry elements, namely spatial inversion and time reversal, must be broken. Thus, the linear ME effect could be predicted by symmetry consideration in a specific material. Unlike the electric polarization yielded in typical type I multiferroics, linear ME materials are characterized by weak polarization values. However, this does not impede their possible applications on random access memory since the small linear ME effect has recently been shown to control spintronic devices very efficiently in a magnetoelectric exchange bias system [6] . Nevertheless, the underlying mechanism leading to a linear ME coupling is still unclarified, but apparently it is strongly material-dependent.
Ferrotoroidicity is related to the antisymmetric part of the linear magnetoelectric tensor, thus it is present only when the tensor of the linear ME effect is nondiagonal [7] . From macroscopic symmetry considerations, ferrotoroidic order gives rise to antisymmetric contributions to the ME effect, indicating that the indirect evidence for the presence of a spontaneous toroidal moment in a system can be obtained by measuring the linear ME effect.
Recently, clinopyroxenes containing magnetic cations have attracted revitalized interest because some of them were found to present rich multiferroic and magnetoelectric properties. Pyroxenes have the general formula AMX 2 O 6 , where A is an alkali or alkali-earth ion, M is a transition-metal ion (+II or +III), while X = Si, Ge. Their structures consist of edgeshared MO 6 octahedra forming zigzag chains that are well separated by nonmagnetic XO 4 tetrahedra. These compounds * claire.colin@neel.cnrs.fr † pierre.bordet@neel.cnrs.fr are well known for their importance in mineralogy and their low-dimensional properties: the spin-singlet ground state [8] , the spin-Peierls transition [9] , and quasi-one-dimensional (Q1D) magnetic behavior [10] .
The renewed interest arose from the recent observation of magnetically driven ferroelectricity in NaFe(Si/Ge) 2 O 6 [11, 12] , the magnetoelectric effect in LiCr(Si/Ge) 2 O 6 [13] , NaCrSi 2 O 6 [14] , and LiFeSi 2 O 6 [11] , and the expected ferrotoroidal order in LiFe(Si/Ge) 2 O 6 [15] . These intriguing physical properties are attributed to the existence and possible interplay of low dimensionality and magnetic frustration [13] .
The vast majority of compounds mentioned previously are pyroxenes containing an A +1 cation, however much less investigation has been devoted to the magnetoelectric property of Ca 2+ -bearing pyroxenes. Most of these compounds crystallize into monoclinic C2/c symmetry. Magnetic clinopyroxenes Ca(Mn, Fe, Co, Ni)Ge 2 O 6 [16, 17] order all in commensurate collinear antiferromagnetic structures. Among the reported Ca 2+ -bearing pyroxenes, only CaMnGe 2 O 6 allows for the linear magnetoelectric effect.
In this contribution, we present an investigation of the magnetic and magnetoelectric properties of CaMnGe 2 O 6 by means of neutron diffraction, magnetization, heat capacity, and electrical polarization measurements. These techniques coincidentally reveal the presence of one-dimensional (1D) shortrange spin correlations appearing well above the long-range antiferromagnetic order at T N = 15 K. Consistent with the determination of the magnetic structure (C2 /c), the magneticfield dependence of the electrical polarization signals a clear linear magnetoelectric effect below T N . We also propose that CaMnGe 2 O 6 should be a pure ferrotoroidic compound by considering the antisymmetric tensor of the linear ME effect and the responding electric polarization under a magnetic field. The toroidization of CaMnGe 2 O 6 is also evaluated by considering the crystal and magnetic structure parameters.
II. EXPERIMENT
Polycrystalline CaMnGe 2 O 6 was synthesized by solid-state reaction. The stoichiometric mixture of reagent-grade CaCO 3 , MnO 2 , and GeO 2 was ground in an agate mortar and pestle and then pelletized. The pellets were placed in a platinum boat and heated in air to 1373 K at 2 K/min, then held at 1373 K for 100 h and cooled down to room temperature. Intermediate regrinding and reheating were required in order to obtain a high-purity phase CaMnGe 2 O 6 sample. Nonmagnetic analog CaZnGe 2 O 6 was prepared in the same conditions using CaCO 3 , ZnO, and GeO 2 as starting materials. The sample was characterized by x-ray powder diffraction (XRPD) using a Bruker D8 diffractometer with Cu Kα1 radiation (1.5406Å) selected by a Ge (111) primary beam monochromator in the range 10
• -90
• with a 0.02
• step size. To investigate the nuclear and magnetic structures, a neutron powder diffraction (NPD) experiment was carried out on the two-axis diffractometer D1B at Institut Laue Langevin (ILL), between 1.7 K and room temperature. For nuclear structure refinement, NPD patterns were recorded at 100 and 300 K with the 1.28Å wavelength corresponding to the (311) Bragg reflection of a germanium monochromator. The 2.52Å wavelength corresponding to the (002) Bragg reflection of a pyrolytic graphite monochromator was used for magnetic structure investigation, with longer data collections at 2, 20, and 50 K as well as a temperature ramp between 2 and 300 K on heating. The XRPD and NPD data were analyzed by the Rietveld method using the FULLPROF suite programs [18] .
The temperature-dependent magnetic susceptibility was measured on a Quantum Design Magnetic Property Measurement System (MPMS). The dc magnetic susceptibility was measured from 2 to 350 K in zero-field-cooled (ZFC) and field-cooled (FC) procedures under magnetic fields of 1 T. Field-dependent magnetization was measured between 2 and 350 K with a field sweep from 0 to 5 T. The specific-heat measurement was carried out using a relaxation technique with a Quantum Design Physical Property Measurement System (PPMS) in the temperature range of 2-100 K. The pelletized sample was mounted on a sample platform with Apiezon N-grease for better thermal contact.
To study the magnetoelectric properties of CaMnGe 2 O 6 , the temperature dependence of electric polarization was measured under various magnetic fields (0, 2, 4, 6, and 8 T). The sample was sintered to improve grain connectivity by heat treatment of a pressed pellet (thickness 0.29 mm and surface 19 mm 2 ) at 1073 K for 10 h. Then, the pellet was coated with silver epoxy on both sides to make conducting electrodes. Electrical polarization was then determined by using the pyroelectric current measurement technique. The magnetoelectric annealing was performed by simultaneously applying an electric field E of 690 kV/m and a magnetic field μ 0 H of ±8 T in perpendicular directions at 100 K and then cooling the sample down to 2 K. Then, the pyroelectric current curves under various magnetic fields were recorded using a Keithley 6514A electrometer while increasing the temperature at a rate of 3 K/min. Electric polarization was obtained by integration of the time dependence of the pyroelectric current.
III. RESULTS AND DISCUSSION

A. Crystal structure
The crystal structure of CaMnGe 2 O 6 has been previously reported [16] . It crystallizes with monoclinic C2/c symmetry corresponding to the high clinopyroxene structure type. In most pyroxene compounds, the long-range magnetic ordering stems from the competition of intrachain and interchain interactions. The precise description of crystal structure is thus of great importance to understand the magnetic properties. The final Rietveld plot for the room-temperature NPD pattern of CaMnGe 2 O 6 is shown in Fig. 1 . The background was described by linear interpolation of selected points in the pattern. A Thomson-Cox-Hastings model of the reflection profile was used. Low-angle peak asymmetry was taken into account using the Berar-Baldinozzi model [19] . Ca 3 Mn 2 Ge 3 O 12 was the only phase detected as an impurity; it was introduced in the pattern description, and its cell parameters and scale factor were refined. The final refinement yielded a weight fraction of 0.15(1)% for this phase. The refinement results are presented in Table I . They are in good agreement with previously reported values [16] .
The crystal structure of CaMnGe 2 O 6 is shown in Fig. 2 . It is characterized by the alternate stacking perpendicular to the a axis of layers made of MnO 6 octahedra and layers of GeO 4 tetrahedra. In the octahedral layer, MnO 6 octahedra share their O1-O1 edges to form zigzag infinite chains along the c axis. Within the octahedra chains, the shortest (intrachain) Mn-Mn distance is 3.249Å. According to the band-structure calculations of exchange interactions for pyroxenes [20] , the edge-sharing character of MO 6 
90
• results in a competition between direct and superexchange magnetic interactions. In CaMnGe 2 O 6 , the Mn-O1-Mn angle was obtained as 94
• from the NPD data, substantially deviating from the ideal 90
• value. As marked with a dashed rectangle in Fig. 2(a) , the MnO 6 octahedra chains are linked by cornersharing GeO 4 chains along the a axis. From the viewpoint of magnetism, the structural arrangement leads to two possible magnetic super-super-exchange pathways between Mn 2+ cations belonging to adjacent octahedra chains through a GeO 4 tetrahedron edge. They were marked with dotted and dashed lines in Fig. 2(b) ; an equivalent schematic drawing of considered exchange interactions is also shown in Fig. 6 . As shown in Fig. 2(b) , the J1 interaction is mediated through two different paths (Mn-O1-O2-Mn and Mn-O2-O1-Mn), while for J2 only a single path exists.
B. Magnetic properties
The temperature dependence of magnetization of CaMnGe 2 O 6 was measured with ZFC and FC processes under a magnetic field of 1 T. As shown in Fig. 3(a) , we observed saturation magnetization, we evaluate the impurity amount of less than 0.8% mol, and this impurity was not observed by diffraction. In the previous report [16] , the susceptibility curve measured at 0.5 T was shown up to 50 K and did not display any feature around 45 K; only one transition at 12 K was observed. As shown in the inset of Fig. 3(a) , the inverse magnetic susceptibility at 0.1 T was fitted with the Curie-Weiss law between 175 and 350 K. This yields an effective moment μ eff = 5.79(1)μ B , consistent with the expected spin-only value of 5.92μ B for Mn 2+ cations in the high-spin state, in agreement with the previous report. The negative Weiss temperature of −35(1) K indicates that antiferromagnetic interactions are predominant in this system. Field-dependent magnetization isotherms M(H ) were measured between 2 and 350 K and are presented in Fig. 3(b) . The field-induced magnetization is linear up to applied fields of 5 T above T N . However, on the curves at 2 and 4 K, a change of slope can be seen at 3.4 T determined by the maximum of derivative of dM/dH , as denoted by an arrow. This is indicative of a A characterization of the magnetic transition via measurement of the heat capacity was carried out. Figure 4(a) shows the temperature dependence of the specific heat for CaMnGe 2 O 6 . The presence of a cusp in C p around 15 K indicates the magnetic ordering transition. This temperature is consistent with the Néel temperature observed in magnetic susceptibility and the appearance of the magnetic reflection peaks in neutron diffraction (see below). The magnetic component of the specific-heat capacity of CaMnGe 2 O 6 , C mag , as shown in Fig. 4(b) , was obtained by subtracting the phonon contribution with a nonmagnetic analog CaZnGe 2 O 6 . The plotted C mag versus T clearly shows that only the transition observed at around 15 K in the magnetic susceptibility can also be seen in the specific-heat data, evidencing the nature of long-range order at ∼15 K. The experimental magnetic entropy with S m = 13.5 J mol −1 K −1 at 75 K, derived from the C mag -T curve, is about 91% of the theoretical value of 14.9 J mol
for the spin S = 5/2 Mn 2+ ions given by R ln(2S + 1), as seen in Fig. 4(b) . The magnetic entropy first decreases slowly upon cooling over a broad temperature range between 60 K and Néel temperature T N = 15 K; then below ∼15 K a rapid decrease is observed. The former phenomenon corresponds to a considerable entropy release; indeed, about half of the magnetic entropy (51%) is released above T N . A similar phenomenon occurs in NaMnGe 2 O 6 , LiFeSi 2 O 6 , and NaFeSi 2 O 6 [21, 22] , which was suggested to be the signature of short-range magnetic correlations within chains far above the long-range-ordering temperature. following the representation analysis technique described by Bertaut [23] . Calculations were carried out using version 2 K of the program SARAh-Representation analysis [24] and BasIreps integrated in the FULLPROF suite [18] . For the Mn 
The different basis vectors calculated using the projection operator technique associated with each IR are presented in Table II . There are four magnetic ions in the cell, but only two possible magnetic couplings. Indeed, because of the C centering, which is preserved by the k vector, the magnetic moments carried by the two Mn 2+ cations symmetrically related by the C translation are automatically identical. Consequently, the two magnetic coupling possibilities are a ferromagnetic and an antiferromagnetic one. According to the magnetization measurements, the possible antiferromagnetic structure models determined from the symmetry analysis were tested by Rietveld refinement. The best fit was achieved with the model described by the IR 4 with the magnetic space group C2 /c. The final refinement for the 2 K NPD pattern is shown in Fig. 5(b) . (χ 2 = 90.8, R wp = 3.13, R nucl = 2.28, and R mag = 5.04.)
A representation of the magnetic structure is shown in Fig. 6 . The magnetic ordering corresponds to antiferromagnetic Mn 2+ zigzag chains coupled ferromagnetically FIG. 6 . Left: representation of the magnetic structure of CaMnGe 2 O 6 ; right: the schematic drawing of exchange interactions, and here magnetic moments were added arbitrarily in order better to exhibit the triangular exchange interaction.
with neighboring chains. The Mn 2+ magnetic moment is constrained by symmetry in the (a,c) plane, aligned mainly along the a axis with an angle of 14.1 (1) • , and almost perpendicular to the c axis [with an angle of 89.9 (1) • ], with m a = 4.30(1)μ B and m c = 1.14(3)μ B . Note that this result differs from the magnetic structure reported previously [16] with a magnetic moment component along the b axis of 0.78(9)μ B . This would require the use of the two 2 and 4 IR leading to the C2 /c magnetic space group. Contrary to C2 /c, this space group is not compatible with the observation of the linear magnetoelectric effect reported below. The total ordered magnetic moment refined at 2 K is 4.17(5)μ B , which is smaller than the theoretical spin-only ordered value for Mn 2+ . The temperature dependence of the magnetic moment is shown in Fig. 5(c) and confirms the T N = 15 K value for the magnetic ordering temperature, in agreement with our magnetic susceptibility measurements.
D. Short-range spin correlations
Evidence for short-range spin correlations can be obtained when one checks carefully the background intensity of NPD as a function of temperature. Fig. 7(a) ] displays clearly a maximum in the magnetic diffuse scattering at about d = 5.4(1)Å with asymmetric shape, signifying the existence of short-range magnetic correlations. This broad asymmetric peak featured by the sharp rise at low Q (high-d value) and a gradual decrease toward high Q (low-d value) is characteristic of low-dimensional short-range order. Few numerical models have previously been developed to describe these kinds of feature. In particular, the Warren function, describing the scattering from random layer stacking systems (2D), has been used to describe diffuse magnetic scattering from a layered magnet in which there are long-range correlations within a plane but no correlation between them [25] [26] [27] . The comparison of the diffraction theory between randomly oriented line gratings, which are defined as a periodic linear structure, and the three-dimensional crystals and two-dimensional arrays shows that the long tails at the high-Q side in the patterns are characteristic of both randomly oriented two-dimensional arrays and randomly oriented line gratings [28] . In the case of the two-dimensional arrays, the intensity in the tail varies as a function of Q −2 , whereas with the line gratings the intensity in the tail varies as Q −1 [28] . Inspection of this asymmetric peak reveals the slow decay at the high-Q side, thus suggesting the one-dimensional nature of diffuse magnetic scattering in CaMnGe 2 O 6 . Compared to the next-nearest Mn 2+ intrachain distance of 5.4Å, this scattering can be attributed to the presence of short-range magnetic correlations between Mn 2+ cations along the octahedra chains with vanishing interchain interaction.
A simple model describing the diffuse scattering at 20 K associated with 1D AFM correlations along the zigzag chains is presented hereafter. In this approach, the powder-averaged scattering function, which can be expressed as a radial Fourier transform of the spin-pair correlations, is given by [29] [30] [31] [32] 
where f (Q) is the magnetic form factor in the dipole approximation, in which all the coefficients were taken from the International Tables for Crystallography [33] , R i represents the distance between the sites along the 1D chain and the AFM spin pair correlations, and
are considered to decrease exponentially with distance d i according to the correlation length ξ . Then, the diffuse scattering data presented in Fig. 7(b) can be fitted by the following expression:
where the first and second terms, respectively, correspond to the low-temperature correlated diffuse scattering and the paramagnetic scattering given by S T =50 K (Q) = nS(S + 1)f 2 (Q) [34] , with n the number of spins. Consequently, the free parameters of this fitting procedure are the correlation length ξ as well as the intensities I l and I h of the low-and high-temperature signals. The best fit is given in Fig. 7(b) . The fit gives at 20 K a correlation length ξ = 10 ± 1Å for the magnetic correlations along the c axis, evidencing the short-range characteristic.
The signature of this 1D short-range magnetic correlation can also be observed in the temperature dependence of the lattice parameters for CaMnGe 2 O 6 extracted from Rietveld refinement of NPD data collected in the 2-300 K temperature range. They are shown in Fig. 8 . The solid line is a fit to a(T ) = a 0 + A coth(θ/T ), which is an approximation to the bare thermal expansion due to thermal vibrations of a solid as derived in Ref. [35] . (θ equals half the Einstein temperature.) Deviations from this temperature dependence signal the occurrence of anomalous lattice strain. The a and b parameters as well as the monoclinic β angle follow a standard evolution in the whole temperature range. No anomaly can be detected at the Néel temperature. On the contrary, the c parameter exhibits a strong anomaly at ∼60 K, with a notable decrease down to the lowest temperature. This can be attributed to a magnetostrictive effect related to the short-range magnetic correlations appearing at ∼60 K. This anomaly being detected only along the c axis supports the fitting results of diffuse neutron scattering that this short-range order is due to 1D intrachain antiferromagnetic correlations between the Mn 2+ cations.
E. Linear magnetoelectric effect
The magnetic structure determined from neutron diffraction with space group C2 /c allows the linear magnetoelectric effect, and this can be verified by the symmetry consideration mentioned below. The linear magnetoelectric effect can be 
We have seen that antiferromagnetic CaMnGe 2 O 6 has a magnetic point group 2 /m below 15 K. Accordingly, the generating symmetry elements are twofold rotation accompanied by time reversal (2 ) parallel to the b axis, and a mirror plane perpendicular to the b axis. By applying Neumann's principle, the matrix representation of the tensor characterizing the linear magnetoelectric effect is expressed as
The off-diagonal character indicates that the perpendicular configuration between H and E for ME annealing must be used in order to measure the effect. The evolution of electric polarization versus magnetic field was followed by measuring the pyroelectric current. It can be clearly seen from Fig. 9 (a) that no polarization current is observed in the absence of an external magnetic field. However, the induced current appears under a magnetic field just below the AFM transition, and the current becomes stronger with the increase of the magnetic field. By reversing the annealing electric field, we were able to change the sign of the induced current. The temperature dependence of electric polarization was obtained by integrating the pyroelectric current with respect to time. As shown in Fig. 9(b) , no polarization is observed with zero magnetic field, while a magnetically induced polarization monotonically increases with an increasing magnetic field. The induced electric polarization increases linearly with the increase of the magnetic field at a rate of ∼0.05(1) μC/m 2 /T (see Fig. 10 ). The observed maximum polarization value (0.42 μC/m 2 under 8 T) is smaller in magnitude as compared to the typical magnetoelectric material, such as the first reported ME effect in Cr 2 O 3 [4] . However, it is comparable to the ME polarization value observed in LiCrSi 2 O 6 (single crystal) and LiCrGe 2 O 6 (polycrystalline), which was measured under a simultaneously applied magnetic and electric field.
The temperature dependence of the induced current was also recorded under inverse magnetic fields. This measurement was performed after ME annealing with a perpendicular configuration of (±)E and (+)H . The temperature dependence of pyroelectric current and electric polarization becomes stronger with increasing magnetic field. And again, the sign of the pyroelectric current and polarization switches simultaneously with the polarity of the ME annealing electric field. The polarization reversal is only achieved by varying the polarity of the ME annealing electric field but not the magnetic field alone, as represented in Fig. 10 .
F. Ferrotoroidicity
In addition, it is worth noting that this nondiagonal ME tensor has, in principle, an antisymmetric part that results in a toroidic moment and provides a pure ferrotoroidic compound, i.e., the alignment of toroidic moments. This has been observed recently in the MnPS 3 compound with the same magnetic point group 2 /m [36] . It has been found that in MnPS 3 , AFM domains can be simply manipulated by cooling the sample under crossed magnetic and electrical fields, as evidenced by neutron polarimetry.
According to α ij ∝ k ij k T k , derived from the free-energy expansion by considering the couplings between toroidization, magnetization, and polarization [37] , a toroidic moment can always be represented by the antisymmetric part of the linear magnetoelectric effect tensor. A significant volumetric toroidic moment could be estimated in the monoclinic unit cell based on the definition of spontaneous toroidization, 064423-7 which has been described as the toroidic moment per unit cell volume [37] . Considering the experimental parameters listed in Table I , the spontaneous toroidization of CaMnGe 2 O 6 is given by
Actually, this result is very similar in magnitude to the toroidization found experimentally in MnPS 3 [36] . The availability of large single crystals would be highly invaluable to measure the individual terms of the ME tensor and perform neutron polarimetry experiments that could allow a direct observation of the ferrotoroidic order.
IV. DISCUSSION
The neutron diffraction experiments confirm the nature of long-range antiferromagnetic order at 15 K. The magnetic structure of CaMnGe 2 O 6 can be described with a commensurate vector k = (0,0,0). The determined magnetic space group, C2 /c, allows for the linear ME effect, in good agreement with the one we observe. The magnetic structure can be described as AFM chains that are coupled ferromagnetically.
Let us first examine the AFM intrachain exchange J. The edge-sharing octahedra make Mn-O-Mn angles close to 94
• , which leads to the competition between direct and superexchange (SE) interactions within the chain. To determine which interaction is dominant, the Mn 2+ orbital occupancy has to be taken into account. ) without any orbital degeneracy, thus the exchange is uniform along the chain. The direct exchange originates from the overlap integral between singly occupied t 2g and e g orbitals, and this exchange is relatively weakly ferromagnetic. With regard to superexchange, either half-filled t 2g and e g or half-filled t 2g and t 2g orbital overlaps via the same oxygen 2p orbital will give rise to strong AFM exchange. The dominant coupling within the chains should then be AFM, which is in accordance with our magnetic measurements and neutron diffraction results. Note that this is contrary to the results obtained for CaMGe 2 O 6 compounds, where M = Fe, Co, Ni [16, 17] , for which ferromagnetic ordering of the chains is observed. This may be attributed to the different orbital occupancies and also marginally to different distances and angles within the chains. It makes the case of this Mn 2+ containing pyroxene quite unique. Now, we will consider interchain couplings. In CaMnGe 2 O 6 , the MnO 6 octahedra chains are well-bridged by the chains of GeO 4 tetrahedra. The two leading interchain exchanges are super-super-exchange (SSE) via double bridges of GeO 4 tetrahedra for J1 and a single bridge for J2, as presented in Fig. 2 . As a result, the general topology of the three J, J1, and J2 exchanges turns out to be triangular-like, as shown in Fig. 6 . According to the topology of the spin lattice determined by neutron diffraction, the coupling through exchange integrals J and J1 is AFM, whereas J2 links two Mn 2+ cations that are coupled ferromagnetically. If the exchange interaction J2 is antiferromagnetic, then it is not satisfied and a magnetic frustration is produced accordingly. It is worth noticing that DFT and quantum Monte Carlo calculations for the LiCrGe 2 O 6 pyroxene compound [38] show that the two interchain exchange integrals are antiferromagnetic with the same order of magnitude as the intrachain one. Further work to determine the strengths of the various exchange integrals in CaMnGe 2 O 6 will be very helpful to gain insight into the origin and role of frustration in that particular compound. As for now, the observed magnetic structure indicates a J > J1 > J2 hierarchy of the magnetic exchange couplings. Note also that this reasoning about frustration does not apply to compounds such as CaFeGe 2 O 6 , CaCoGe 2 O 6 , and CaNiGe 2 O 6 , since their magnetic structures are described by antiferromagnetically arranged ferromagnetic chains, which satisfy all the magnetic exchanges.
Several of our experimental results indicate that strong 1D short-range spin correlations exist at temperatures far above the long-range magnetic ordering. No peak can be detected above the Néel temperature in the heat-capacity measurements, but a large release of magnetic entropy is observed between 15 and 60 K. No magnetic reflection can be seen by neutron diffraction above T N = 15 K, however diffuse magnetic scattering is observed well above T N and can be characterized as one-dimensional by considering its line shape. Furthermore, an abnormal variation of the c lattice parameter as a function of temperature is observed below about 60 K, which can be attributed to magnetostriction caused by the onset of magnetic correlations along the octahedra chains. To account for these observations, we constructed a phenomenological 1D magnetic correlation model based on exponentially decaying AFM correlations with the analytical form of S(Q) in this system, which produced a satisfactory fit to the diffuse neutron scattering data, yielding a quite small correlation length ξ = 10 ± 1Å at 20 K. Here again, such intrachain 1D short-range correlations are not observed for pyroxenes of other 3D divalent cations, for which the intrachain interactions are ferromagnetic. In the case of CaMnGe 2 O 6 , the competition between interchain antiferromagnetic interactions might prevent the system from reaching three-dimensional magnetic order above 15 K, despite the onset of strong intrachain AFM correlations at about 60 K.
V. CONCLUSION
In summary, the magnetic and magnetoelectric properties of CaMnGe 2 O 6 were specifically investigated by combining powder neutron diffraction, magnetic susceptibility, heat capacity, and electrical polarization measurements. Far above the Néel ordering at T N = 15 K, we observed the appearance of 1D short-range AFM correlations with a correlation length at 10Å at 20 K. A 1D AFM correlation model was developed to fit the diffuse magnetic scattering. The electrical polarization measurement performed on polycrystalline CaMnGe 2 O 6 evidences the linear magnetoelectric effect below T N , which was allowed by considering the magnetic space-group symmetry (C2 /c). The experimental results reveal that no spontaneous polarization arises below T N until an external magnetic field is applied. Furthermore, the linear magnetoelectric effect has an antisymmetric part that could result in a toroidic moment, and it makes CaMnGe 2 O 6 a pure ferrotoroidic compound.
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